In hematopoietic cells, g-irradiation causes a p53-dependent transient G1 phase cell cycle arrest. Various extracellular growth inhibitory signals elicit G1 arrest by targeting CDK4. Here we show that in a myeloid cell line, 32D cl 3, enforced expression of CDK4, but not cyclins D2 nor D3, overrides the g-irradiation-induced G1 arrest. CDK4 does not confer resistance to the radiation-induced G2 block observed in parental cells. Ectopic expression of CDK4 overcomes the ionizing radiation-induced inhibition of CDK4 and CDK2 kinase activity. The levels of CDK4 protein do not change after exposure to ionizing radiation in either parental cells or those overexpressing CDK4. Ionizing radiation induces the expression of both p53 and p21, and in cells constitutively synthesizing exogenous CDK4, the return of p53 protein levels to baseline is prolonged. Increased levels of p21 are found associated with CDK4, and not CDK2, in the lines overexpressing CDK4, compared to the parental line, after exposure to ionizing radiation. Enforced expression of CDK4 may therefore overcome a g-irradiation-induced G1 arrest through the titration of the CDK inhibitor p21 allowing both CDK4 and CDK2 to remain active.
Introduction
Progression through the G1 phase of the cell cycle is regulated in part by the cyclin-dependent kinases CDK2, CDK4 and CDK6. D-type cyclins, whose expression is rate limiting for G1 progression (Ando et al., 1993; Jiang et al., 1993; Musgrove et al., 1994; Quelle et al., 1993; Resnitzky et al., 1994) , bind to and activate CDK4 and CDK6 (reviewed in Sherr, 1994) . The phosphorylation and inactivation of the retinoblastoma protein Rb by CDK4 and CDK6 appears to be a major pathway by which these kinases promote the traversal through G1 and entrance into S phase (reviewed in Ewen, 1994; Weinberg, 1995) . CDK2 also participates in the phosphorylation of Rb, but has other critical substrates whose phosphorylation is required for DNA replication. Notably, among the known cyclins, alterations of only the D-type cyclins (particularly cyclin D1) are a frequent ®nding in connection with the chromosomal abnormalities present in a variety of tumor tissues (Reviewed in Hall and Peters, 1996; Sherr, 1996) .
Speci®c inhibitors of the D-type cyclin dependent kinases, CDK4 and CDK6, include the INK4 proteins p15, p16, p18 and p19 (reviewed in Sherr and Roberts, 1995) . Enforced expression of INK4 proteins causes a G1 arrest in an Rb-dependent manner consistent with the data suggesting that Rb is the major target of CDK4 and CDK6. The loss of p16 function is seen in several human cancers. CDK4 is also a target in human cancers. Both gene ampli®cation, as well as a point mutation resulting in p16-insensitivity, have been associated with human cancers (He et al., 1994; Khatib et al., 1993; Reifenberger et al., 1994; Wolfel et al., 1995) . Thus, deregulated CDK4 synthesis might have a similar tumorigenic eect as loss of p16 function. Alteration in any of the various functional links of the Rb pathway may result in similar outcomes. Chromosomal abnormalities, viral proteins, mutations, and gene methylation that aect certain participants in the Rb pathway, cyclin D1, CDK4, p16 and Rb, are associated with a variety of human cancers, supporting the concept that perturbation of any one of them disrupts the pathway and may contribute to tumorigenesis (Hall and Peters, 1996; Sherr, 1996) .
In addition to the INK4 cdk inhibitors, there is the p21 family of cdk inhibitors that includes p21, p27 and p57 (Sherr and Roberts, 1995) . These cdk inhibitors are capable of inactivating CDK1, CDK2, CDK4 and CDK6. Like the INK4 proteins ectopic expression of p21 family members causes a G1 arrest. However, arrest is not solely dependent on the status of Rb (ElDeiry et al., 1993; Harper et al., 1993; Noda et al., 1994; Xiong et al., 1993) .
Cell cycle checkpoints ensure the successful completion of each phase of the cycle prior to entry into subsequent stages (Elledge, 1996; Hartwell, 1992; Hartwell and Weinert, 1989) . In addition, checkpoints are manifested in response to DNA damage by arresting the cell cycle to allow time for repair. A fundamental feature of human tumors is the accumulation of genetic mutations that results in an alteration of the balance of positive and negative control of cellular proliferation. Loss of checkpoint control is thought to contribute to neoplasia.
In response to DNA damage normal cells undergo cell cycle arrest at both the G1/S and G2/M transition. Arrest is mediated at the level of the regulation of the activity of cyclins and cdks. The G1/S checkpoint is regulated in part by p53. p53 can cause a G1 arrest (Baker et al., 1990; Martinez et al., 1991; Michalovitz et al., 1990; Ullrich et al., 1992) . Increased levels of p53 after cellular exposure to ionizing radiation, or other DNA-damaging agents, are associated either with G1 arrest (Kastan et al., 1991; Kuerbitz et al., 1992) or apoptosis (Clarke et al., 1993; Lowe et al., 1993) . In human ®broblasts g-irradiation causes a p53-dependent induction of p21 resulting in the inactivation of cyclin E-CDK2 (Dulic et al., 1994) . Cells with wild type p53 that are arrested in G1 accumulate active hypophosphorylated Rb in contrast to cells in which p53 is mutant, null or inactivated by viral oncoproteins, which fail to exhibit a G1 arrest and possess an abundant proportion of Rb in the hyperphosphorylated inactive form (Demers et al., 1994; Hickman et al., 1994; Slebos et al., 1994) . Interestingly, p21 null cells are only partially resistant to radiation-induced G1 arrest (Brugarolas et al., 1995; Deng et al., 1995) .
DNA damage resulting in a G1 arrest also in¯uences cyclin D1-CDK4 activity. Ultraviolet (UV) irradiation of human diploid ®broblasts results in downregulation of cyclin D1 (Pagano et al., 1994) . Following UV irradiation of normal rat kidney ®broblasts CDK4 is inhibited by tyrosine phosphorylation (Terada et al., 1995) . More recently, it has been demonstrated that p16 participates in an Rb-dependent G1 arrest checkpoint following DNA damage. Here we examine the eect of enforced expression of CDK4 in 32D myeloid cells in the checkpoint leading to a G1 arrest following treatment with ionizing radiation.
Results

Cell-cycle eects of ionizing radiation on 32D cells
Exposure to ionizing radiation and other DNAdamaging agents leads to dierent biological outcomes depending on the cell type (Ko and Prives, 1996) . Cell cycle eects include transient delay in progression through G1 (Kastan et al., 1991) , prolonged arrest in G1 (DiLeonardo et al., 1994) and growth arrest or delay in G2 (Kastan et al., 1991; Kuerbitz et al., 1992) . In other cell lines, apoptosis may predominate. Using 32D cl 3 (32D) cells, an IL-3 dependent murine myeloid line, and their CDK4, cyclin D2 and cyclin D3 derivatives (Ando et al., 1993; Ando and Grin, 1995) , we analysed the eect of ectopic expression of these cell cycle regulatory elements on the alteration in cell cycle distribution caused by exposure to ionizing radiation.
Treatment of asynchronously growing 32D cells, as well as lines overexpressing CDK4, cyclins D2 or cyclin D3, with 1000 cGy resulted predominantly in a G2 arrest when analysed for DNA content by¯uorescence activated cell sorting (FACS) 15 h (approximately one doubling time) after irradiation ( Figure 1 ). This increase in G2 population, when compared to unirradiated controls, is common in other cell types and may be dose dependent (Kastan et al., 1991) . We therefore irradiated asynchronously growing 32D cells with a much lower dosage range, 50 ± 200 cGy, similar to exposures sucient to achieve a G1 arrest in certain hematopoietic lines (Figure 1) . At lower doses of ionizing radiation (50 cGy is shown in Figure 1 ) there was no signi®cant change in the percentage of cells in G1 in the asynchronously growing cells. Thus it is possible that these rapidly dividing myeloid cells experienced a transient G1 arrest with rapid DNA repair, followed by resumption of cell cycle progression into S phase. In order to test this possibility and speci®cally evaluate G1 eects of g-irradiation, we utilized cell synchronization techniques to irradiate a population in which the majority of cells were in G1.
To achieve synchronization, cells were exposed to the microtubule inhibitor nocodazole for 16 h, resulting in a metaphase block with synchronous entry into G1 upon removal of the agent and replacement with nocodazole-free medium. Irradiation in early G1, 4 h after release from nocodazole arrest, yielded a transient delay in S phase entry of about 4 ± 6 h as determined by FACS analysis of DNA content in the parental cells (Figure 2a ). After the delay in exit from G1, there was a more gradual entry into S phase in the irradiated parental cells. In contrast, the 32D/CDK4 lines demonstrated no delay in S phase entry (Figure 2a) .
Alternatively, cell cycle synchronization was achieved by a 12 h exposure to the plant amino acid mimosine which blocks cells in mid to late G1 (Krek and DeCaprio, 1995) . After release into mimosine-free medium, cells were treated with ionizing radiation 0, 1.5 or 3 h later (Figure 2b , top, middle and bottom panels, respectively). Not surprisingly, when the cells were irradiated at 3 h after release, near the G1/S transition, no delay in S phase entry was observed (Figure 2b , bottom panel). But if irradiated immediately or 1.5 h after release, the parental line exhibited a Figure 1 Asynchronously growing 32D, 32D/CDK4, 32D/D2 and 32D/D3 cells maintained in growth medium containing 10% FBS and 15% WEHI supernatant (as a source of IL-3) were irradiated using a 60 Co source at a dose rate of 12 cGy/sec. Flow cytometric analysis of cell cycle distribution was performed on propidium iodide stained samples at 15 h after g-irradiation. FACS data is shown in histogram form, plotting relativē uorescence, representing DNA content (x axis), versus cell number (y axis). Doses of 0 cGy (sham irradiated), 50 cGy and 1000 cGy are shown. Quanti®cation of cell cycle phase distribution is shown with each histogram delay in entry into S (Figure 2b , top and middle panels). However, the CDK4 line overrode the G1 arrest, showing no delay in S phase entry after girradiation (Figure 2b ). In contrast to the CDK4 cells, the cyclin D2 and cyclin D3 derivatives were sensitive to ionizing radiation, showing a delayed S phase entry comparable to the parental cells (data not shown). Overexpression of CDK4 therefore conferred resistance to the G1 arrest induced by g-irradiation. We thus focused on ascertaining the mechanism by which CDK4 overcame the G1 block.
p53 is induced after exposure to ionizing radiation and levels remain elevated in CDK4 lines Induction of functional p53 is a hallmark of ionizing radiation-induced G1 arrest. The CDK4 derivatives of the 32D line did not arrest in G1 after g-irradiation.
One potential explanation for this observation was that p53 was not increased after irradiation. We therefore analysed p53 levels after g-irradiation.
Western analysis of whole cell lysates revealed low levels of full length p53 in untreated 32D cells, as well as the CDK4, cyclin D2, and cyclin D3 lines ( Figure  3a) . Induction of p53 following g-irradiation characteristically appears independent of cell cycle position. We therefore irradiated asynchronously growing cells. After g-irradiation, similar increases in p53 levels were demonstrated in all lines. The increased levels of p53 noted in the 32D/CDK4 line at the zero time point were not reproducibly seen. At 1 h after irradiation, p53 protein levels were higher than baseline, and maximal induction was evident at 2 h. By 4 h after treatment with ionizing radiation, the p53 levels were decreasing in the parental, cyclin D2, and cyclin D3 lines. Notably, p53 protein levels did not immediately diminish in the CDK4 line, but remained elevated at its maximal degree of induction for a more prolonged period of time. At later time points p53 levels returned to baseline in the CDK4 derivatives (data not shown).
The induction of p53 after radiation treatment is a characteristic of the wild type protein. However, a potential explanation for the resistance to the G1 arrest caused by ionizing radiation in the CDK4 lines was that those clones selected for stable overexpression of CDK4 possessed either mutant p53 or diminished levels of wild type p53. We therefore analysed p53 immunoprecipitated from extracts prepared from metabolically labeled cells using monoclonal antibodies speci®c for wild type and mutant p53 (Figure 3b ). The quantity of labeled p53 was comparable in all lines, as determined by immunoprecipitation with the monoclonal antibody PAb246, which is speci®c for the wild type protein in murine cells (Gannon et al., 1990) . Of note, in some but not all immunoprecipitation experiments, two PAb246-immunoreactive bands were seen in each of the cell lines. We and others have observed this in several cell lines documented to express wild type p53. The combined signal of the two bands appeared equal to the total signal of labeled p53 in the other 32D lines. No reactivity was noted with the monoclonal antibody PAb240, which recognizes many p53 mutant forms (Gannon et al., 1990) . To determine that all labeled p53 was being immunoprecipitated with PAb246, the signals were compared between PAb421 and PAb246 in labeled extracts from the parental 32D cell line. The amount of p53 immunoprecipitated with PAb421, which binds both wild type and mutant conformations of murine p53, and the amount immunoprecipitated with PAb246 were equal, suggesting that the rate of synthesis of wild type p53 was equivalent in all of the 32D lines and that no mutant p53 was present.
p21 is induced after exposure to ionizing radiation
The CDK inhibitor, p21, is induced by g-irradiation in a p53-dependent manner, independent of cell cycle position, in a variety of cell types. The INK4 cdk inhibitor family also appears to play an important role in the control of CDK4 kinase complex activity, but p15 and p16 are frequently deleted in myeloid leukemia lines and p16 is not expressed in the 32D line (Nakamaki et al., 1995; Quelle et al., 1995) . We therefore focused on the role of p21 in the setting of irradiation. To determine whether p21 induction was unaltered by CDK4 overexpression, we performed Western analysis of p21 after exposure to ionizing radiation. In order to allow comparison with the induction of p53 (Figure 3a) , asynchronously growing cells were irradiated and whole cell lysates were prepared at 0, 1, 2 and 4 h. Immunoblot analysis using antibody to murine p21 revealed similarly increased levels of p21 in both the 32D and 32D/ CDK4 lines ( Figure 3c ). The time course of p21 induction appeared to trail the p53 increase by about 2 h. Therefore, the response to ionizing radiation, with respect to elevation of p53 and p21 levels, appeared to be intact in these cell lines and thus does not appear to account for the cell cycle eects of CDK4 overexpression.
g-irradiation does not directly alter CDK4 protein levels
To begin to study the possible role of CDK4 in ionizing radiation-induced G1 arrest in 32D cells, we correlated the level of CDK4 overexpression with CDK4-associated kinase activity in the parental 32D cells and the 32D/CDK4 derivatives. Immunoprecipitation of CDK4 from cellular lysates prepared from 35 Smethionine labeled cells showed approximately fourfold higher CDK4 levels in CDK4 clones 402 and 403 compared to the parental line (Figure 4a) . Similarly, assaying for kinase activity using CDK4 immune Figure 3 Ionizing radiation treatment of 32D cells induces p53 and enforced expression of CDK4 prolongs the induction; p53 is wild type; and p21 is induced to a similar level by g-irradiation in parental and CDK4 derivative lines. (a) Parental 32D cells, as well as CDK4, cyclin D2 and cyclin D3 lines, were grown asynchronously. After exposure to 1000 cGy, whole cell lysates were obtained at speci®ed times. Western analysis of p53 was performed using PAb421. (b) Lysates prepared from metabolically labeled cells were subjected to immunoprecipitation with PAb 246 (speci®c to wild type murine p53) or PAb240 (speci®c to many forms of mutant p53). In a separate immunoprecipitation of parental 32D cell lysates, antibodies PAb246, PAb240, and PAb421 (which immunoprecipitates both wild type and mutant murine p53) were used (the PAb421 lane is at the left edge of the gel where all bands migrated slightly less). (c) Asynchronously growing 32D and 32D/CDK4 cells were exposed to 1000 cGy and whole cell lysates were prepared at the indicated times after irradiation. p21 levels were determined by Western analysis using rabbit polyclonal antibody to murine p21. In vitro translated p21 and luciferase served as positive and negative controls, respectively complexes with a C-terminal fragment of recombinant retinoblastoma protein as the substrate (GST-Rb(C)), revealed a two-to threefold elevation of kinase activity in the 32D/CDK4 line compared to parental cells (Figure 4b ).
The levels of CDK4 protein were analysed in 32D cells synchronized with nocodazole followed by release and irradiation. Western analysis of whole cell lysates using antibody to CDK4 was performed at various time intervals after irradiation ( Figure 5 ). In late G1, there was an increase in the levels of CDK4 in parental line, as has been observed in other cell lines . Increase CDK4 levels were not apparent in parental cells after g-irradiation. This absence of an increase in CDK4 levels is an indication of a cell cycle block, given that CDK4 levels increase during G1 progression. In contrast, there was no change in CDK4 levels after exposure to ionizing radiation in the two CDK4 stable transfectants. Thus, downregulation of CDK4 protein levels does not account for the delay in G1 induced by ionizing radiation in 32D cells and ectopic expression of CDK4 correlates with the override of the G1 arrest.
Ionizing radiation-induced p21 and its association with CDK4 and CDK2
Irradiation results in G1 arrest, at least in part, through p53-dependent induction of p21, thereby inhibiting cdk activity. We hypothesized that constitutive overexpression of CDK4 allows more p21 bound to CDK4 in the CDK4 lines, in comparison to the parental 32D cells, thereby squelching the eects of p21 induction through titration of the inhibitor. In addition, titration of p21 by CDK4 might prevent the association of this inhibitor with CDK2 following irradiation. While p21 also inhibits CDK6 activity, the synthesis of CDK6 was equal in both the 32D line and the CDK4 derivatives as determined by immunoprecipitation of CDK6 from whole cell lysates prepared from metabolically labeled cells (data not shown). We reasoned, therefore, that any contribution of CDK6 to a p21-induced cell cycle eect would be similar in the dierent cell lines and we focused on the role of CDK4. To assess the relative amounts of induced p21 associated with CDK4 and CDK2, we synchronized cells with nocodazole then released them into growth medium, irradiated them in early G1, 4 h after release, and lysed them at 4, 8 and 12 h after release. Cell synchronization was used to allow correlation of the levels of p21 associated with CDK4 and CDK2 with the G1 cell cycle eects observed in irradiated cells (see Figure 2a ). g-irradiation was performed at 4 h after release when cells were in G1. Since p21 induction increased for 4 h after irradiation (Figure 3c) , lysis was performed 8 h after release, near the G1 to S phase transition, at which point ionizing radiation-induced p21 would be signi®cantly elevated. Cells were also lysed 12 h after release, when irradiated parental cells, after a 4 ± 6 h G1 delay, began to enter S phase. Lysates were prepared and subjected to immunoprecipitation using antibodies to CDK4, CDK2 or, as a control, normal rabbit serum. Proteins were resolved by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose. Immunoblot analysis was performed with antibody to p21 (Figure 6 ). After treatment with ionizing radiation (200 cGy), levels of associated p21 precipitated with antibody to CDK4 increased in both the 32D and 32D/CDK4 lines. By contrast, unlike the parental line, no p21 was found Smethionine and cleared lysates were prepared. Immunoprecipitation was performed with antibody to CDK4. In vitro translated CDK4 was similarly immunoprecipitated (lane 1). After collection on protein A-sepharose beads, the precipitates were resolved by SDS-polyacrylamide gel electrophoresis. (b) 32D and 32D/CDK4 cells were lysed and immunoprecipitated with either normal rabbit serum (lane 5) or antibody to CDK4 (lanes 6 and 7). Precipitates were assayed for their ability to phosphorylate a C-terminal fragment of the retinoblastoma protein fused to glutathione Stransferase (GST-Rb(C))
Figure 5 CDK4 levels after exposure to ionizing radiation. 32D cells and the 32D/CDK4 clones 403 and 402 were synchronized with nocodazole for approximately one doubling time (14 h) and then released. After irradiation with 0 cGy (7IR, ionizing radiation) or 200 cGy (+IR) in early G1 (6 h after release), cells were lysed at the indicated times. Samples were resolved by electrophoresis in a denaturing gel and transferred to nitrocellulose. Immunoblot analysis was performed with antibody to CDK4 using enhanced chemiluminescence associated with CDK2 in the 32D/CDK4 lines. Importantly, signi®cantly more p21 was coprecipitated with CDK4 in the CDK4 lines compared to the parental lines. At a dosage of 1000 cGy, the levels of p21 associated with CDK4 were identical to those with the 200 cGy dosage (data not shown). Enforced CDK4 expression therefore allowed increased p21 binding, but the extent of cdk inhibition was not sucient to achieve G1 arrest. Furthermore, the increased association of p21 with CDK4 in the 32/CDK4 lines was sucient to prevent the association of p21 with CDK2 in radiation treated cells.
Enforced CDK4 expression confers resistance to the ionizing radiation-induced inhibition of CDK4 and CDK2 kinase activity
Given the above results, we determined the relative activity of CDK4 after g-irradiation in both parental and CDK4 lines. We hypothesized that CDK4 would remain catalytically active, thus providing a possible explanation for why ectopic expression of CDK4 confers resistance to the ionizing radiation-induced G1 arrest. In order to measure CDK4 kinase activity in the 32D and 32D/CDK4 lines after treatment with ionizing radiation, cells were synchronized with nocodazole, released into fresh medium, irradiated in early G1, and lysed at 8 and 12 h after release ( Figure  7a ). Nocodazole synchronization, rather than mimosine synchronization, was utilized because the M phase block, followed by release, allowed a better G1 arrest, presumably because irradiation earlier in G1 was possible. It was during the period of G1 arrest in which we compared cdk kinase activity between the irradiated and unirradiated cells (see Figure 2a and b) . To speci®cally study the G1 eects of g-irradiation, the time of lysis, 8 and 12 h after release, were chosen since they represent the period of S phase entry in the unirradiated cells during which the irradiated parental cells were blocked in G1 (Figure 2a ). Exposure to ionizing radiation was performed in early G1 so that p21 levels, which are increased by 4 h after irradiation (Figure 3c ), were elevated prior to the G1/S transition. Immunoprecipitates using antibody to CDK4 were assayed for their ability to phosphorylate GST-Rb(C). Kinase activity of CDK4 in irradiated cells was determined as a percentage of activity compared to unirradiated controls. In the parental 32D line, girradiation resulted in less than 40% CDK4 activity, compared to unirradiated samples, while the 32D/ CDK4 lines maintained essentially 100% of CDK4 kinase activity. In the irradiated parental cells, CDK4 kinase activity began to increase at the 12 h time point, compared to the value at 8 h, corresponding to the time at which the S phase percentage began to increase (Figure 2a) .
The ®ndings above suggested that titration of p21 by elevated levels of CDK4 would allow unaltered CDK2 activity after g-irradiation in the CDK4 lines. To address this question, we synchronized cells with nocodazole, and following release into fresh medium, irradiated them in early G1 and measured CDK2 kinase activity 8 and 12 h after release (Figure 7b ). Immunoprecipitates using antibody to CDK2 were measured for their ability to phosphorylate histone H1. In the parental line, CDK2 kinase activity was diminished to about 50% of the activity of unirradiated cells. However, the 32D/CDK4 cells showed no signi®cant change in CDK2 kinase activity. These results suggest that, in the setting of cell lines which exhibit a similar level of p21 induction after irradiation (Figure 3c) , CDK4 overexpression appears to overcome the inhibition of CDK4 activity, and as a consequence of p21 titration, permits CDK2 kinase to remain active following exposure to ionizing radiation.
Discussion
Both D-type cyclins and their catalytic partners CDK4 and CDK6 integrate extracellular signals with the cell cycle machinery in¯uencing progression through G1, although the pathways appear to be dierent. Enforced expression of D cyclins has been shown in a number of cell systems to reduce the serum requirement for traversal of G1. Enforced expression of CDK4, but not cyclin D2 and D3, in 32D cells signi®cantly reduces the IL-3 requirement of these cells. Ectopic expression of CDK4 can overcome the inhibition of cell proliferation induced by the cytokine TGFb1 (Ando and Grin, 1995; Ewen et al., 1993b) . Given the dierent biochemical and biological outcomes of overexpression of D cyclins versus their catalytic subunits in various settings, this suggests that D cyclins and CDK4/6 might manifest their oncogenic potentials by dierent means. This may provide an explanation for why certain tumors dierentially amplify cyclin D1 and CDK4. This is despite the fact that such genetic alterations are thought to disrupt the same pathway, i.e. the Rb pathway. Our demonstration that ectopic CDK4 expression can override an ionizing radiation-induced G1 arrest in the setting of increased p53 and p21 is in agreement with the concept that CDK4 possesses oncogenic properties. Figure 6 Induced p21 is associated with CDK4 and CDK2 following treatment of 32D parental cells with ionizing radiation (IR). In the CDK4 derivatives, comparatively higher levels of p21 are associated with CDK4 but insigni®cant levels of p21 are associated with CDK2. 32D, 32D/CDK4 (403), and 32D/CDK4 (402) cells were synchronized in M phase with nocodazole. After 14 h the cells were released into nocodazole-free growth medium and irradiated (IR7, sham; IR+, 200 cGy) 4 h after release. Cells were lysed at the indicated times after release. Immunoprecipitates were obtained using antibody to CDK4 or CDK2, or normal rabbit serum (N), and collecting the immune complexes with protein A-sepharose beads. After resolution in SDSpolyacrylamide gels and transfer to nitrocellulose, and probed with an antibody to murine p21. Detection was performed using enhanced chemiluminescence
Our results suggest that cyclin D-CDK4 is a critical target during g-irradiation-induced G1 arrest in 32D cells. CDK4 activity is inhibited shortly following irradiation. The importance of this event is suggested by our observation that enforced expression of CDK4 in 32D cells overcomes both the inhibition of CDK4 kinase activity and the delay in G1 following girradiation. In addition, the maintenance of CDK4 kionase activity after g-irradiation in the CDK4 lines correlates with the ability of these cells to overcome the cell cycle eects of irradiation. An inhibition of CDK4 kinase activity has also been noted with Swiss 3T3 cells arrested with ultraviolet radiation (Poon et al., 1995) . Our results also indicate that the relative ability of girradiation to induce a G1 arrest following nocodazole and mimosine treatment diers. This likely suggests that the ability to induce a G1 arrest in 32D cells is a function of when during G1 the cells are exposed to girradiation. The nocodazole treatment aords the ability to expose the cells to ionizing radiation earlier in G1 at a time when CDK4 is comparatively less active.
The CDK4 lines of 32D cells appear to possess higher levels of CDK4 activity. The increased level of activity is not directly proportional to the increase in total CDK4 protein. Monomeric CDK4 and CDK2 have been reported to be capable of binding to p21 and p27, although the anity for the cyclin-cdk complex is signi®cantly higher (Chen et al., 1996; Harper et al., 1995; Poon et al., 1995; Toyoshima and Hunter, 1994) . This suggests the possibility that the increase in CDK4 activity is likely a result of titration of these inhibitors. In this regard, it is noteworthy that p21, in addition to inhibiting cyclin D-CDK4 complexes, can play a Figure 7 CDK4 and CDK2 associated kinase activities are inhibited by g-irradiation in parental cells but not in the CDK4 transfectants. 32D, 32D/CDK4 (402), and 32D/CDK4 (403) cells were synchronized in M phase using nocodazole. After 14 h, the cells were released and irradiated with 200 cGy at 4 h after release. Whole cell lysates were prepared at either 8 or 12 h after release. Immunoprecipitates obtained with antibody to CDK4 (a) or CDK2 (b) were collected on protein A-sepharose beads. CDK4 kinase activity (a) was determined by the ability of immune complexes to phosphorylate a C-terminal fragment of the retinoblastoma protein fused to glutathione S-transferase (GST-Rb(C)). CDK2-associated kinase activity (b) was assayed using Histone H1 as a substrate. The samples were resolved by electrophoresis in an SDS-polyacrylamide gel and the dried gels were quanti®ed for kinase activity using a phosphoimager and exposed by autoradiography. Kinase activity was measured as a percentage compared to unirradiated cells. The values represent an average of at least two independent experiments. Error bars correspond to one standard deviation. Representative autoradiograms are shown positive role in promoting their assembly (LaBaer et al., 1997; Zhang et al., 1994) . Thus, deregulated CDK4 expression, theoretically, alters the threshold level at which p21 can achieve inhibition of CDK4 kinase activity. Furthermore, unlike CDK4, the expression of D-cyclins is rate limiting for G1 progression. Their synthesis and assembly with CDK4 has a very dramatic impact on CDK4 kinase activity. This is likely the reason why the CDK4 lines do not display an accelerated G1 in contrast to ectopic expression of D cyclins in 32D cells (Ando et al., 1993; Ando and Grin, 1995) . In this regard, it is interesting to note that the cyclin D2 and cyclin D3 derivatives of 32D cells remain sensitive to g-radiation treatment. Thus, CDK inhibitors, such as p21, apparently retain function in the setting of increased D cyclin expression. Similar observations have been noted for p16 where it has been noted that CDK4 but not D cyclins can over-ride a p16-induced G1 arrest (Lukas et al., 1997; Serrano et al., 1995) .
Previous work using human ®broblasts suggests that cylin E-CDK2 is inhibited following g-irradiationinduced p21 expression in a p53-dependent manner (Dulic et al., 1994; El-Deiry et al., 1994) . Results presented here are consistent with these observations. In addition, we show that enforced expression of CDK4 prevents the inhibition of CDK2-associated kinase activity. This appears to occur via by titration of p21 by CDK4. This interpretation is consistent with the observation that the relative anity of p21 for cyclin D-CDK4 and cyclin E-CDK2 complexes is approximately the same , however, we cannot rule out the possibility that deregulated expression of CDK4 in some way alters the ability of cyclin-CDK2 complexes to bind to p21.
In light of the observation that the 32D line and its engineered derivatives possess wild type p53 (Figure  3b ), the override of the G1 arrest after g-irradiation in the CDK4 lines was not a result of selecting clones with mutant p53. Furthermore, p53 and p21 were induced in the parental and CDK4 lines after irradiation (Figure 3a and c) . It would therefore appear that disturbances in the p53-dependent induction of p21 did not account for the ability of overexpressed CDK4 to overcome the radiation-induced block. The induced p21 also associated with CDK4 in both the parental and, to a higher degree, in the CDK4 lines (Figure 6 ), indicating that the inhibition by p21 was inadequate to arrest these cells in G1.
In the 32D cell line, g-irradiation resulted in an increase in p53 that returned to baseline after 4 h in the parental cells, as well as in the cyclin D2 and cyclin D3 lines (Figure 3a) . Interestingly, in both CDK4 lines, p53 levels also rapidly rose, but remained elevated for a more prolonged duration compared to the parental line and the D cyclin lines. The ®nding suggests the possible presence of a feedback loop between CDK4 and p53, the nature of which remains to be identi®ed. Despite the persistent elevation of p53 in the 32D-CDK4 lines following g-irradiation, however, these lines failed to arrest under these conditions.
In agreement with our observation that enforced expression of CDK4 overrides a G1 arrest that is at least in part p53-dependent, others have demonstrated that CDK4, when overexpressed, can overcome an arrest induced by conditional ectopic expression of wild type p53 in rat ®broblasts (Latham et al., 1996) . This occurred despite elevation in p21 levels, and also was observed when a kinase inactive CDK4 mutant was overexpressed. In contrast to this study, we did ®nd a signi®cant increase in the amount of p21 associated with CDK4 in the CDK4 lines after g-irradiation. Thus, in two dierent situations, one with engineered p53 overexpression and prolonged growth arrest, and another in the biological setting of exposure to ionizing radiation and a transient G1 block, ectopic expression of CDK4 has the ability to counteract the growth suppressive eect of p53.
In an independent study looking at irradiation of 32D cells, enforced synthesis of CDK4 or D cyclin increased the shoulder on the radiation survival curve (Epperly et al., 1995) . Fluorescence activated cell sorting analysis showed no cell cycle dierences over the ®rst 6 h. At 24 h after irradiation, one of two control lines exhibited increased G1 fraction while the other control, and all D cyclin and CDK4 derivative lines, showed no change (Epperly et al., 1995) . Perhaps the dierence noted between our results and those of Epperly et al. (1995) are that we analysed synchronized cells. We have found it quite dicult to detect the delay in G1 following exposure to ionizing radiation in asynchronous cycling cultures. Furthermore, and in contrast to the results noted here, neither p53 nor p21 was induced following exposure to ionizing radiation. These dierences at present are dicult to explain.
The analyses of several cell types suggest that radiation treatment (g and UV), by in¯uencing the activity of CDK4, results in a cell cycle arrest allowing for DNA repair. As with other cell proliferation arrest pathways, this appears to occur via multiple mechanisms. Inhibitory tyrosine phosphorylation of CDK4, downregulation of cyclin D1, p16 status and induction of p21 have all been implicated in the inhibition of CDK4 activity following DNA damage. Together the results suggest that cyclin D-CDK4 represents an important target for checkpoint control following exposure to radiation.
Materials and methods
Cell culture and cell cycle synchronization 32D cl 3 murine myeloid cells were grown at 378C in a humidi®ed atmosphere with 5% CO 2 in medium consisting of RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum and 15% conditioned medium from WEHI-3 cells (as the IL-3 source). Subclones of 32D cl 3 were engineered to constitutively overexpress CDK4, cyclin D2, or cyclin D3 (Ando et al., 1993; Ando and Grin, 1995) . Cells were synchronized chemically. Mimosine (Aldrich) treatment for 12 h at 0.2 mM was used to achieve a mid G1 block. The synchronized cells were released into the cell cycle by washing twice with growth medium then resuspending with fresh medium. Alternatively, nocodazole (Sigma) treatment for 16 h at 500 ng/ml yielded a block in M phase. To release the synchronized cells, they were washed twice with growth medium then resuspended using fresh medium.
Ionizing radiation treatment
Cells were irradiated using a 60 Co source at a dose rate of 12 cGy/sec. They were irradiated in¯asks with growth medium. Unirradiated controls were sham irradiated.
Flow cytometry
Cell cycle distribution was determined by measuring the cellular DNA content using¯ow cytometry. To prepare samples for analysis, 5610 5 cells were resuspended in 0.5 ml propidium iodide solution (50 mg/ml in 0.1% sodium citrate with 0.1% Nonidet P-40) and stored overnight at 48C. Propidium iodide stained cells were analysed using a Colter Epics Elite. Histograms of uorescence versus cell number were generated using Elite software and cell cycle distribution was quanti®ed by the Phoenix Flow Multicycle program.
Immunoreagents
Rabbit polyclonal antibody to murine CDK4 has been described and was generously provided by Dr C Sherr. Antibody to CDK6 (Meyerson and Harlow, 1994) was kindly provided by Dr M Meyerson. Antibodies used in kinase assays, to CDK4 (C-22) and CDK2 (M2), were from Santa Cruz Biotechnology. Antip21 was from Santa Cruz Biotechnology (M-19) and NeoMarkers (Ab-9). Murine monoclonal antibodies PAb421, PAb240, and PAb246 were used for immunoprecipitation and Western analysis of p53 (Gannon et al., 1990; Harlow et al., 1981) .
Immunoprecipitation
The techniques of metabolic labeling, lysate preparation, and immunoprecipitation were modi®ed from methods previously described (Ewen et al., 1993a) . Cells were collected by centrifugation, washed twice with methionine-free medium and incubated for 30 min at 378C in methionine-free medium. The methionine-starved cells were then collected and resuspended in 1 ml methionine-free medium containing 5% dialyzed fetal bovine serum and 200 ± 500 mCi 35 S-protein labeling mix (New England Nuclear). After 3 h labeling at 378C, the cells were collected and washed 62 with cold Tris-buered saline pH 7.4 (TBS). The cells were then lysed on ice for 30 min in 1 ml 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 0.5% (v/ v) Nonidet P-40 with 100 mg/ml phenylmethylsulfonyl uoride (PMSF), 10 mg/ml aprotinin, 10 mg/ml leupeptin, 20 mM NaF, 20 mM b-glycerophosphate and 0.1 mM sodium orthovanadate. The lysate was centrifuged at 48C for 10 min at 16 000 g. Immunoprecipitation was performed as described (Ewen et al., 1993a) . The immunoprecipitates were resuspended in SDS gel sample buer and resolved by SDS-polyacrylamide gel electrophoresis. For in vitro translated protein, murine cDNA for CDK4 (Ewen et al., 1993b) , cloned into pBS(SK-) (Stratagene) and murine p21 in pGEM4Z (Huppi et al., 1994) were transcribed and translated using a rabbit reticulocyte lysate system (Promega).
Kinase assays
CDK2-associated kinase activity was determined using anti-CDK2 immune complexes with histone H1 as the substrate. The techniques of lysate preparation, immunoprecipitation, and assaying for kinase activity were modi®ed from the described method (Ewen et al., 1993b) . Cells were collected, washed twice with cold TBS, and lysed. Immunoprecipitation was performed using antibody to CDK2, immune complexes were collected with protein A-sepharose beads (Pharmacia), and after washing the beads, they were resuspended in kinase buer and the kinase reaction was carried out at 308C for 30 min. Labeled substrate (histone H1, Boehringer Mannheim) was resolved by electrophoresis through a 12% SDSpolyacrylamide gel. The phosphorylated histone H1 was visualized by autoradiography. Kinase activity was quanti®ed by counting the dried gel using a Betascope 603 blot analyzer (Betagen).
The assay for CDK4-associated kinase activity was a modi®cation of a described protocol Neuman et al., 1997) . 5610 6 to 1610 7 cells were collected and washed once with cold TBS. The cell pellet was resuspended in 800 ml DIP buer (50 mM HEPES pH 7.2, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol and 0.1% Tween-20) containing freshly added 1 mM dithiothreitol (DTT), 1 mM NaF, 0.5 mM PMSF, 0.5 mM sodium orthovanadate, 10 mM b-glycerophosphate, 1 mg/ml aprotinin and 1 mg/ml leupeptin). Lysis was carried out for 30 min at 48C. The samples were centrifuged at 16 000 g for 10 min and the supernatant was precipitated with anti-CDK4 for 90 min at 48C while rocking. Immune complexes were collected with protein A-sepharose beads (30 ml of 50% slurry containing beads pre-equilibrated in DIP with 4% bovine serum albumin (BSA)), rocking at 48C for 90 min. The beads were washed four times with DIP buer containing fresh inhibitors (as above) and twice with kinase buer (50 mM HEPES pH 7.2, 10 mM MgCl 2 , 5 mM MnCl 2 and freshly added 1 mM DTT). The beads were then suspended in 25 ml kinase buer containing 20 mM ATP, 10 mCi [g-32 P]ATP, and 1 mg substrate (GST-Rb, C-terminus). The reaction was incubated 15 min at 378C then stopped with the addition of 26SDS gel sample buer. After boiling 5 to 10 min, the samples were electrophoresed through a 12% SDS-polyacrylamide gel. The phosphorylated GST-Rb was visualized by autoradiography and counted with a Betascope 603 blot analyzer.
The substrate, glutathione S-transferase-Rb (C terminus) fusion protein (GST-Rb(C)), was prepared by growing Escherichia coli (DH5a) transformed with pGEX-Rb (792 ± 928) overnight at 378C in LB containing ampicillin. The culture was then diluted 1 : 10 in LB with ampicillin and grown 1 ± 2 h at 378C. GST-fusion protein was induced by growth in 100 mM isopropylthioglycoside (IPTG) for 3 ± 4 h at 378C. Bacteria were harvested by centrifugation at 5000 g for 5 min at 48C and resuspended in cold HEMG buer (25 mM HEPES pH 7.6, 0.1 mM EDTA, 12.5 mM MgCl 2 , 100 mM KCl and 10% glycerol) with freshly added 1 mM DTT, 1 mg/ml leupeptin, 1 mg/ml aprotinin, 400 mM sodium orthovanadate, 500 mM PMSF and 50 mM NaF and lysed by sonication on ice. The lysate was cleared by centrifugation at 10 000 g for 5 min at 48C and incubated with 500 ml of a 50% slurry containing glutathione-Sepharose 4B (Pharmacia) pre-equilibrated with kinase buer. After rocking at 48C for 15 min and washing 63 with cold kinase buer, the GSTRb(C) was eluted by resuspending the beads in 300 ml kinase buer containing 200 mM reduced glutathione and 1% Tween-20 and rocking at 48C for 10 min. The eluate was aliquoted and stored at 7708C. The amount of puri®ed GST-Rb(C) samples was quanti®ed by Bradford assay, as well as SDS-polyacrylamide gel electrophoresis, in comparison with bovine serum albumin (BSA) of known concentration. Proteins were visualized by staining with Coomassie blue.
Western blot analysis
Cells (1610 6 ) were collected, lysed in SDS gel sample buer, boiled 5 min, and run through an SDS-polyacrylamide gel. Proteins were transferred to nitrocellulose in 25 mM Tris base containing 192 mM glycine and 20% methanol at 40 mA for 2 h at 48C (Towbin et al., 1979) . Nonspeci®c protein binding was blocked with PBS containing 3% BSA at room temperature for 1 h. The ®lters were probed with antibody (diluted between 1 : 100 and 1 : 1000 in PBS containing 1% BSA) for 1 h at room temperature then washed four times, each time for 5 min with PBS containing 0.1% Tween-20. Secondary antibody, 0.2 mg/ml anti-mouse IgG-alkaline phosphatase conjugate (Promega) in PBS containing 1% bovine serum albumin, was then added. After incubation at room temperature for 1 h, the ®lter was again washed 64 with PBS containing 0.1% Tween-20, then incubated in developing solution (150 mg/ml bromochloroindolyl phosphate and 312 mg/ml nitro blue tetrazolium (BCIP/NBT, Promega)) in 100 mM NaCl, 5 mM MgCl 2 and 100 mM Tris (pH 9.5). Alternatively, 1610 6 cells were washed in cold TBS then lysed for 30 min at 48C in 50 mM Tris-HCl (pH 8.0), 200 mM NaCl and 0.5% Nonidet P-40 with 50 mg/ml PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 20 mM NaF, 20 mM b-glycerophosphate and 0.1 mM sodium orthovanadate. The samples were further lysed by passages through a 23 gauge needle, then boiled 10 min and separated by SDSpolyacrylamide gel electrophoresis. After transfer to nitrocellulose, the ®lter was blocked with 10% dry milk in TBS. The blocking solution was removed by three washes with TBS containing 0.1% Tween-20 (TBS-T) and the ®lter was incubated at room temperature for 60 min with the primary antibody (in TBS-T). After three washes with TBS-T, 60 min incubation with horseradish peroxidase-conjugated secondary antibody (anti-mouse or antirabbit), and three more washes with TBS-T, detection was performed using enhanced chemiluminescence (Amersham). Signal was detected using XAR5 ®lm (Kodak).
